Background: ␥-Secretase modulators (GSMs) bind APP near lysine 624. Results: Mutation of lysine 624 shifts cleavage toward smaller A␤ with no effect on ⑀ cleavage.
␥-Secretase is a multiprotein intramembrane cleaving aspartyl protease (I-CLiP) that catalyzes the final cleavage of the amyloid ␤ precursor protein (APP) to release the amyloid ␤ peptide (A␤). A␤ is the primary component of senile plaques in Alzheimer's disease (AD)
, and its mechanism of production has been studied intensely. ␥-Secretase executes multiple cleavages within the transmembrane domain of APP, with cleavages producing A␤ and the APP intracellular domain (AICD), referred to as ␥ and ⑀, respectively. The heterogeneous nature of the ␥ cleavage that produces various A␤ peptides is highly relevant to AD, as increased production of A␤ 1-42 is genetically and biochemically linked to the development of AD. We have identified an amino acid in the juxtamembrane region of APP, lysine 624, on the basis of APP695 numbering (position 28 relative to A␤) that plays a critical role in determining the final length of A␤ peptides released by ␥-secretase. Mutation of this lysine to alanine (K28A) shifts the primary site of ␥-secretase cleavage from 1-40 to 1-33 without significant changes to ⑀ cleavage. These results further support a model where ⑀ cleavage occurs first, followed by sequential proteolysis of the remaining transmembrane fragment, but extend these observations by demonstrating that charged residues at the luminal boundary of the APP transmembrane domain limit processivity of ␥-secretase.
Production and accumulation of the amyloid ␤ (A␤)
2 peptide has been intimately linked to the development of Alzheimer's disease (1) . A␤ is produced by the sequential proteolysis of APP, a type-I single-pass transmembrane protein (2) (Fig. 1A) . First, ␤-secretase cleavage of the ectodomain releases secreted sAPP␤, leaving a carboxyl-terminal fragment in the membrane, known as the ␤-carboxyl-terminal fragment (␤CTF or C99). C99 undergoes intramembrane proteolysis by ␥-secretase at two primary sites to generate A␤ (termed ␥-cleavage) and the APP intracellular domain (AICD, termed ⑀ cleavage). The relationship between these two cleavage events by ␥-secretase, their regulation, and the overall enzymatic mechanism is still not fully understood and is an active area of investigation.
␥-Secretase has a broad substrate specificity and cleaves a number of type-I membrane proteins, typically following ectodomain shedding (3) . A major physiologically relevant substrate is Notch1, which has well defined roles in cellular differentiation, survival, and growth. Notch is processed by ␥-secretase in a similar manner to APP, producing Notch-␤ (N␤, ␥ cleavage at the S4 site) and the Notch intracellular domain (NICD, ⑀ cleavage at the S3 site) (4, 5) . Other substrates are thought to be processed in an analogous manner, although most have not been characterized to the same level of detail as APP and Notch1.
One notable aspect of ␥-secretase proteolysis is that the final cleavages that release A␤, and the corresponding peptides from other substrates, occur at varying residues within the transmembrane domain. Thus, the length of A␤ produced from APP, or A␤-like peptides, is variable. Moreover, the ratios of the * This work was supported, in whole or in part, by National Institutes of Health Grants AG20206 (to T. E. G.), AG29886 (to E. H. K.), AG032362 (to T. L. K.), and NS069289 (to T. L. K. (7, 8) .
The factors regulating the levels and ratios of A␤ 1-42 has been an intense area of research because A␤ 1-42 is hypothesized to be the initiating molecule in Alzheimer's disease (1) . A variety of mutations have been identified in APP that cause early-onset familial AD (9) . Most of these mutations elevate the levels of A␤ 1-42 or increase the 42/40 ratio. However, some APP mutations that alter residues within the A␤ peptide have also been identified and increase the propensity of A␤ to form higher-order aggregates or amyloid fibrils. It is an ongoing question exactly how mutations in APP lead to shifts in A␤ fragment ratios produced by ␥-secretase although various mechanisms have been proposed, including changes in the conformation of the enzyme complex (10, 11) .
Different sites on APP have been identified that can regulate the levels of A␤ peptides or influence the length of A␤ peptides produced. Early studies have shown that ␥-secretase displays loose specificity but that the site of cleavage was more dependent on the proximal portion of the transmembrane domain than on the distal portion (12, 13) . Mutations in a GXXXG motif in the APP transmembrane domain have been reported to decrease A␤ 1-42 levels while at the same time increasing shorter A␤ fragments such as 34, 37, and 38 (14) . The effect of these mutations has been ascribed to decreases in the dimerization of C99, suggesting that A␤ 1-42 levels can be regulated by the degree of C99 dimer formation. Another group has reported similar mutations in this region of C99 that also lead to shifts in A␤ cleavage away from 42 toward shorter fragments (15) . The changes in A␤ cleavage resulting from mutation of this region of APP is reminiscent of the pharmacological effects of ␥-secretase modulators (GSMs), a class of compounds that typically shift ␥ cleavage away from the 42 site toward shorter fragments (i.e. 39, 38, 37, 34, 33) . We have reported recently that GSMs bind directly to the C99 substrate (termed substrate-targeting GSMs (stGSMs)) and that this interaction appears be responsible for their ability to modulate ␥ cleavage of A␤ (16) . Richter et al. (17) have recently shown, using multiple biochemical methods, that GSMs can bind APP and A␤, supporting our initial observation (16) although newer generations of GSMs reported to bind to Pen-2 (18) or PS1-N-terminal fragment (NTF) (19) do not appear to show such specificity.
Amino acids in the juxtamembrane region of APP and other substrates have been reported to regulate both ␥ and ⑀ cleavage. Specifically, mutations at lysine 28 were shown to allow ⑀ cleavage and ICD release to occur, whereas ␥ cleavage and A␤ production were abolished (20) . These results suggest that amino acids in the JMD region of the substrate could influence proteolysis C-terminal to the JMD, in the center of the lipid bilayer. We became interested in this region of C99 because we have observed that two substrate-targeting GSM photoprobes (fenofibrate and flurbiprofen) bind and label this region (Fig. 1A) . We focused on lysine 28 (relative to C99 and A␤, Lys-624 relative to APP695) in particular because we have observed that A␤42-lowering GSMs require a carboxylic acid for their activity and hypothesized that these compounds interacted with the positive charge of the lysine head group (16) . We now report that mutations at Lys-28 facilitate additional ␥-cleavages of APP. Specifically, they enable the production of novel short A␤-like peptides with truncated carboxyl termini. The implication of these results for the proteolytic mechanism of ␥-secretase and GSMs will be discussed.
EXPERIMENTAL PROCEDURES
DNA Plasmids-Construction of the pcDNA3.1-C99GVP and C99 juxtamembrane chimeras construct has been described previously (20) . Point mutations within the luminal juxtamembrane domain (i.e. APP695-K28A, APP695-S26L, and APP695-K28S as well as C99GVP-G2S, C99GVP-S26L, C99GVP-N27S, and C99GVP-K28S) were generated using QuikChange (Stratagene) site-directed mutagenesis. All cDNAs were verified by sequencing. The A␤ and A␤-like peptides generated from C99GVP and various mutant substrates were numbered with reference to the first N-terminal residue (Asp-1) of the A␤ peptide.
Antibodies and A␤ ELISAs-A rabbit polyclonal antibody against the last 20 amino acids of APP (CT20) was produced in house and used to detect expression of full-length APP, C99, C83, and AICD fragments. FLAG-tagged proteins were detected with anti-FLAG M2 antibody (Sigma). Two ELISAs to detect A␤ were used and have been described previously (22, 23) . Briefly, amyloid-␤ peptides were captured by C-terminalspecific antibodies for A␤40 (antibody 40.1) or A␤42 (antibody 42.2) that were coated on Immulon 4 HBX ELISA plates (Thermo Scientific) at 25 g ml Ϫ1 in PBS. Captured amyloid-␤ was then detected by an HRP-conjugated antibody reactive to the N-terminal epitope 1-16 of amyloid-␤ (antibody 9). Total A␤ was captured on antibody 9 ELISA plates and detected with 4G8-HRP (Covance). HRP was detected using TMB (KPL). Alternatively, A␤40 and A␤ 42 in samples were captured onto 2G3 or 21F12 antibody-coated plates, respectively, and detected with a biotinylated 2H3 antibody (specific to A␤ 4 -7). The fluorescence signal generated from a streptavidin/alkaline phosphatase conjugate (Roche) was measured with a CytoFluor microplate reader (Applied Biosystems). Synthetic A␤40 or A␤42 peptides (rPeptide, ultra pure, Hexafluoroisopropanol (HFIP)) were used to generate standard curves. Measurements were done in duplicate or triplicate.
Cell Culture and Transfection-Human embryonic kidney 293T (HEK 293T) cells or H4 neuroglioma cells (ATCC) were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum and 50 units/ml penicillin and streptomycin (37°C, 5% CO 2 ). Endotoxin-free (Qiagen) cDNA plasmids were transfected into 6-or 12-well tissue culture plates (Costar) using FuGENE6 reagent (Roche) according to the manufacturer's protocol. Cells and conditioned media were harvested 48 h posttransfection for analysis by ELISA or Western blot analysis. Complete protease inhibitor (Roche) was added to media and lysis buffers for cells.
Western Blot Characterization of APP Metabolites-After media collection, transfected or stable cells were harvested, washed with ice-cold PBS, and collected by centrifugation. Cells were lysed on ice with PBS containing 1% Triton X-100 containing protease inhibitor (Roche) for 20 min and cleared by centrifugation at 14,000 ϫ g for 10 min. Protein concentration of the supernatant was determined using the BCA protein assay (Pierce), normalized, diluted as necessary, and mixed 1:4 in XT sample buffer (Bio-Rad). Samples were loaded onto Criterion XT Bis-Tris gels (4 -12 or 12%) and separated using MES running buffer. Proteins were transferred with a modified protocol to facilitate transfer and retention of small APP CTF/A␤/AICD fragments as well as full-length APP (24) . Gels were transferred to either 0.2 M nitrocellulose (Bio-Rad) or PVDF (Millipore, P SQ ) in Tris-glycine buffer with 20% methanol at 0.2 A for 30 min followed by 0.5 A for 60 min. Membranes were rinsed in water following transfer, and then submerged for 5 min in PBS that had been heated to boiling in a microwave to increase A␤ and AICD detection via epitope retrieval (25) . Membranes were blocked over night in 0.5% casein-PBS. Blots were probed with appropriate antibodies (82E1 (Immuno-Biological Laboratories) for A␤ and C99; 6E10 (Covance) for APP, C99, and A␤; and CT20 (Sigma) for APP, C83, C99, and AICD). Two different secondary strategies were used. Secondary antibodies conjugated to HRP (Jackson ImmunoResearch Laboratories) were visualized with ECL Plus (GE Healthcare) or Supersignal West Femto (Pierce). Alternatively, secondary antibodies conjugated to near-infrared dyes (Alexa Fluor 680, Invitrogen; IR800, Licor) were visualized with the Licor Odyssey system.
Mass Spectrometry of Amyloid-␤ and AICD-Secreted A␤ and A␤-like peptides were analyzed using immunoprecipitation followed by MALDI-TOF mass spectrometry (IP/MS) by minor modification of the technique described previously (16, 26) . A␤ (1 to X) was immunoprecipitated from conditioned cell culture medium with antibody 9 (epitope A␤ 1-16) using sheep anti-mouse IgG magnetic Dynabeads (Invitrogen, catalog no. 112-01D). Synthetic ␤-amyloid (1-22) (Anaspec) was added as an immunoprecipitation control and mass standard. Proteins were eluted into 0.1% formic acid and 75% acetonitrile. Samples were mixed 1:1 with ␣-cyano-4-hydroxycinnamic acid matrix in methanol:acetonitrile:water (36:56:8%) and spotted on a ProteinChip Gold Array (Bio-Rad, catalog no. C55-30033). Samples were analyzed on a ProteinChip surface-enhanced laser desorption/ionization time-of-flight mass spectrometry PCS4000 (Bio-Rad). Typical settings were positive ion mode, laser power ϭ 3000 nJ, 10 shots per position, calibrated using all-in-one peptide standard (Bio-Rad). Samples were analyzed in duplicate using separate spots. The same protocol was used to analyze AICD fragments (supplemental data), but IP was performed with anti-FLAG M2 magnetic beads (Sigma, catalog no. M8823). The theoretical average molecular weights of amyloid-␤, A␤-like, and AICD fragments were calculated using the ExPASy Compute pI/Mw tool.
In Vitro ␥-Secretase Assay-␥-Secretase activity was assayed as described previously in detail. Briefly, cells overexpressing the APP of interest were grown in 5-to 15-cm cell culture dishes to confluence and then treated overnight with the reversible ␥-secretase IL-CHO (20 M) to increase C99 substrate concentration. Microsomal membrane fractions were prepared and resuspended in 150 mM sodium citrate buffer (pH 6.8) for 2 h at 37°C to induce ␥-secretase activity. Samples were then analyzed by ELISA for A␤ production and IP/MS (A␤ or AICD) or standard Western blot analysis for total ␥-secretase activity (⑀ cleavage and AICD production). Urea-SDS-PAGE was necessary to resolve AICD fragments (49 -99 and 50 -99) and was performed as described previously (27, 28) .
RESULTS

Mutation of Lysine 28 Shifts the Site of A␤ Cleavage toward
Smaller Peptides-We made a series of site-directed mutations at lysine 28 in APP and investigated their effects on A␤ production. Lysine was changed to alanine to remove the positive charge and replace it with a small, hydrophobic amino acid or glutamine, which is neutral but polar (29) . These cDNA constructs were transfected into H4 neuroglioma cells, stable clones were isolated, and then the effect of these mutations on A␤ production was evaluated. Using sandwich ELISAs to measure A␤ levels, we observed typical levels and ratios of A␤1-40 and A␤1-42 from the APP wild-type clone. However, the APP K28Q and K28A mutants produced low or no detectable A␤1-40 and A␤1-42. Both APP K28Q and K28A produced similar levels of total A␤ (1-X) compared with wild-type APP (Fig. 1B) . We subsequently used immunoprecipitation followed by mass spectrometry (IP/MS) to examine the full spectrum of A␤ peptides produced by the mutations and determine whether they shifted the ␥-secretase cleavage site (26) . In contrast to APP WT, the major species produced by APP K28Q was A␤ 1-33, followed by 1-40 (Fig. 1B) . Smaller amounts of 1-37, 1-38, 1-39, 1-34, and 1-32 were also detected in the media. The APP K28A mutation predominantly produced A␤ 1-33 followed by A␤ 1-34, but no longer A␤ fragments were detectable (Fig. 1C) .
Mutations of Lysine 28 Do Not Change the Site of ⑀-CleavageWe next examined how these mutations affected release of the AICD fragment by ⑀-cleavage (Fig. 1A) . In vitro ␥-secretase assays were performed using membrane-enriched fractions from cells stably overexpressing APP K28Q, APP K28A, and APP V717F as a positive control known to alter ⑀ cleavage. Samples from these assays were run on denaturing SDS/urea PAGE to examine production of AICD and specific cleavage sites (27) . AICD 50 -99 was the predominant cleavage fragment observed for both APP wild-type and K28A (Fig. 1D ). In contrast, the familial Alzheimer's disease mutation APP V717F produced mainly AICD 49 -99, followed by AICD 50 -99, in agreement with previous reports (Fig. 1D) (28) . AICD produced from membranes isolated from cells expressing a C-terminal FLAG-tagged C99 construct, with wild-type sequence or K28A, was analyzed via IP/MS. These data support the identification of 49 -99 and 50 -99 as the major AICD fragments as well as the observation that these mutations do not modulate the site of ⑀ cleavage (supplemental Fig. 1) .
C99-GVP Hybrid Substrates Also Shift Cleavage toward Production of Smaller A␤ Peptides-It has been reported previously that mutations in the JMD of APP could selectively abolish ␥ cleavage as assessed by A␤ production while maintaining ⑀ cleavage on the basis of AICD production (20) . Our current observation demonstrates that mutation of juxtamembrane lysine 28 shifts the site of ␥ cleavage rather than abolishing it. We therefore re-examined if the previous juxtamembrane mutations in APP had a similar effects on A␤ length. As shown previously, substitution of the JMD of APP C99 with the analogous region of other ␥-secretase substrates produces hybrid substrates that are processed by ␥-secretase and are cleaved at the ⑀ site to produce AICD fragments (see Fig. 3A in Ref. 20) . C99-GVP-SREBP1 produces similar levels and ratios of A␤ 1-40 and A␤ 1-42 compared with wild-type C99-GVP (Fig.  2B) . In contrast, C99-GVP-Notch1 produces 6.5-fold less A␤ 1-40 than wild-type C99-GVP and no detectable A␤ 1-42. Both C99-GVP-APLP2 and C99-GVP-SLSS produce no detectable A␤ 1-40 or 1-42, despite equivalent expression levels determined by Western blot analysis (data not shown).
Again, we used IP/MS to determine whether alternative ␥ cleavage sites were generated. IP/MS analysis of conditioned media from HEK293T cells transfected with C99-GVP-SREBP1 The lysine residue 28 (K28) was mutated to alanine (A) or glutamine (Q). Cleavage of APP695 by ␤-secretase between methioine 596 and aspartate 597 produces the APP carboxyl-terminal fragment of 99 amino acids (C99). C99 is cleaved by ␥-secretase at two main sites, ␥ (40/41) and ⑀ (49/50). ␥ cleavage produces the secreted A␤ peptide, whereas ⑀ produces the AICD (C59). cleavage (46/47) is thought to occur after the ⑀ cut, producing an intermediate fragment (A␤1-46) that is further processed to A␤1-40 (7, 8, 48) . Alternatively, APP can be processed through the non-amyloidogenic pathway by ␣-secretase (16/17) to produce C83, which is cleaved by ␥-cleavage to release the p3 fragment (A␤ 17-40) and AICD (44) . B, A␤ levels from H4 cells stably expressing APP WT, K28Q, or K28A were measured from conditioned media (16 h) by ELISA. For APP WT the sum of A␤ 40 and 42 slightly exceeds the estimated total A␤ number. This is due to underestimation of total A␤ inherent in the A␤ standards and sensitivity of the ELISA detection antibody. Values (A␤ fmols/ml, mean Ϯ S.D.). C, the final ␥ cleavage of APP C99 that releases A␤ is heterogeneous and produces A␤ fragments of different C-terminal lengths. The spectrum of A␤ species (1 to X) secreted by cells expressing APP wild type (WT) was compared with APP mutated at Lys-28 to Glu or Ala by immunoprecipitation of conditioned media and analyzed using mass spectrometry (IP/MS). A␤1-40 is the major species detected from APP WT cells, with minor amounts of A␤1-42 and smaller A␤ species (1-39, 38, 37, 34, and 33). In APP K28Q samples, A␤1-33 followed by A␤1-40 predominates. For APP K28A, A␤1-33 and 1-34 become the major A␤ species detected. Mass spectra show the mass-to-charge ratio (m/z) on the x axis. The y axis is signal intensity (arbitrary units). Predicted molecular weights for A␤ were calculated as described under "Experimental Procedures" and take into account the introduced mutations. These A␤ spectra are representative of multiple IP/MS experiments (n ϭ 3-5). D, membrane fractions from cells overexpressing APP WT, APP K28A, and APP V717F were assayed for ␥-secretase activity. Assay samples were run on denaturing urea/SDS-PAGE, transferred to membranes, and AICD fragments were visualized with a carboxyl-terminal APP antibody (CT20). Synthetic AICD 50 -99 and 49 -99 were included as controls. APP WT and APP K28A produced similar ratios of AICD 50 -99 to 49 -99, whereas APP V717F shifted the ratios of AICD released. Higher molecular weight bands (asterisks) that are immunoreactive for APP were occasionally observed in the APP V717F samples. Identification of these species was not possible because they were not detected by IP/MS and may represent an additional, but low abundant, AICD fragment.
revealed A␤ 40 as the predominant species, similar to C99-GVP (Fig. 2C) . For C99-GVP-Notch1, A␤ 37 was the major peptide detected. The C99-GVP-APLP2 construct produced even smaller A␤ species with A␤ 33 Ͼ A␤ 34 Ͼ A␤ 37 Ͼ A␤ 38, whereas C99-GVP-SLSS had the greatest shift in A␤ size. A␤ 33 was the major peak detected, but we also observed small amounts of A␤ 29 and A␤ 30, which are the smallest A␤ fragments we have observed. Taken together, these results explain why "normal" A␤ 40 and 42 fragments were not detected in the initial report, wherein the ELISA assay relied on capture of A␤ species ending at 40 or 42, followed by detection with an N-terminally-directed antibody. Substitution of amino acids in the JMD region of APP can dramatically shift the final cleavage site of ␥-secretase and, consequently, the length of A␤ secreted.
Lysine 28 Plays a Critical Role in Determining the Final Size of A␤ Produced by ␥-Secretase-
The dramatic shifts in A␤ observed with the C99-GVP-SLSS mutant highlight the importance the GSNK region play in the final site of ␥-secretase cleavage ( Figs. 1 and 2) . We next examined point mutations in GSNK to dissect the contribution of each residue to A␤ production. These constructs were transiently expressed in HEK 293T cells and produced levels of total A␤ (1-X) that were comparable FIGURE 2. Substitution of alternative substrates for the juxtamembrane domain of C99 produces hybrid substrates that are processed by ␥-secretase but shift the size of A␤ produced. A, sequences of the substrates that were substituted for the JMD of C99-GVP. These hybrids are cleaved at the ⑀ site by ␥-secretase and signal to the nucleus (20) . B, ELISA analysis of A␤ 40 and 42 production by hybrid C99-GVP constructs. C99-GCP-SREBP1 produces similar amounts of 40 and 42 compared with the wild type. The Notch1, APLP2, and SLSS constructs have greatly impaired A␤ 40/42 production. C, IP/MALDI-TOF MS analysis of A␤ (1-X) production in cells transfected with hybrid C99-GVP reveals that all constructs produce A␤ species but show greatly altered patterns of the final C-terminal cleavage site of ␥-secretase. In general, the ␥ site is shifted to produce shorter A␤ fragments. The largest shift toward smaller A␤ species is seen with C99-GVP-APLP2 and C99-GVP-SLSS (which are the four amino acid residues from APLP2 that changed from the GSNK sequence in wild-type C99). The molecular weights of hybrid A␤ fragments were calculated to include their representative mutations and the dipeptide LE, which is retained on the N terminus after signal peptide cleavage of C99 (20, 21) .
with WT levels (GSNK sequence) and inhibited by treatment with the ␥-secretase inhibitor DAPT (Fig. 3) . When A␤ X-40 levels were measured, three constructs were significantly decreased: GLNK, GSNS, and SLSS, consistent with our previous report (see Fig. 5 , B and C in Ref. 20) . Levels of A␤ X-40 were decreased by 25% in the GLNK construct. For GSNS and SLSS, A␤ X-40 levels were decreased to a greater extent and were nearly undetectable (Fig. 3) . This result suggests that mutation of S26L can also affect the length of A␤ but to a lesser extent than mutation of K28S.
If Lys-28 is a key determinant of the final cleavage site of A␤, we should be able to reverse the shift in cleavage that we have observed in these hybrid constructs. To test this hypothesis, we mutated glutamine 28 in C99-GVP-Notch1 to lysine. Although A␤ 37 is the major A␤ species in C99-GVP-Notch1, mutation of Glu to Lys eliminates the production of shorter fragments, i.e. A␤ 33, and shifts cleavage back to A␤ 40, with levels comparable with the wild type (Fig. 4) . Next, we made the same mutation (S28K) in C99-GVP-APLP2 and observed the appearance of A␤ 40 but not at wild-type levels (Fig. 5) . Double mutation (L26S, S28K) of C99-GVP-APLP2 produced a substrate that was predominantly cleaved at A␤ 40.
DISCUSSION
The regulation of ␥-secretase cleavage at the ␥ and ⑀ sites has been an intense area of investigation. Inhibition of ␥-secretase cleavage of APP to reduce A␤ is being pursued as a therapeutic strategy for AD. However, it is now widely accepted that inhibition of ⑀ cleavage, which reduces levels of ICDs, can have serious side effects resulting from impaired nuclear signaling of the numerous ␥-secretase substrates (30, 31) . Toxicity from impaired Notch signaling is the best characterized example of this phenomenon (32, 33) . The discontinuation of the phase III clinical trial for the gamma-secretase inhibitor semagacestat (LY-450139) may have been related to mechanism-based toxicity. However, no data has been published. Collectively, these findings highlight the need to understand regulation of ␥ and ⑀ cleavage specificity to help design inhibitors that are selective for APP or preferentially inhibit or modulate ␥ cleavage.
In this study, we examined the role of specific amino acid residues in the JMD region of APP on the specificity of ␥ and ⑀ cleavage by ␥-secretase. We focused on lysine 28 in APP because it was part of the GSM binding region we identified previously (16), and we and others have shown that this region of APP can influence ␥-secretase production of A␤ peptides (12, 20) . Data from a previous study suggested that mutations in this JMD region of APP selectively inhibited ␥ cleavage (A␤ production) without effects on ⑀ cleavage (AICD production) (20) . Our current findings reveal that these mutations do permit ␥ cleavage but actually shift the final site to favor production of shorter A␤ species. This observation was not made earlier because the original assays, and most commercial A␤ ELISAs, were specific to A␤ 1-40 or 1-42 by virtue of the C terminus-specific capture antibodies employed. This assay strategy does not detect production of any smaller fragments (A␤ 1-41 down to .
The temporal sequence of ␥ and ⑀ cleavage has been an ongoing question in the field since the fragments were identified (Fig. 1A) (34) . Our finding that N-terminal mutations outside the transmembrane domain of APP can cause dramatic shifts (up to seven residues) in the final site of the ␥ cut, without any significant change at the ⑀ site, support the idea that ⑀ cleavage occurs first, followed by sequential proteolysis, as has been proposed by a number of groups (8, 35, 36) . Although we favor this sequential cleavage model of ␥-secretase activity, one unexplained phenomenon is the C-terminal heterogeneity in the final site of ␥ cleavage to produce A␤ and analogous peptides from other substrates (5) . Some early-onset AD mutations in APP and PS1/2 clearly alter the amounts and lengths of secreted A␤ (3). However, the precise mechanisms that regulate when ␥-secretase cleavage terminates and A␤ is released are not well characterized.
Examination of amino acids that are conserved across ␥-secretase substrates provides some insight into the sequence of cleavage events. All known ␥-secretase substrates are type-I single transmembrane proteins with an enrichment of lysine and arginine residues at the inner (cytoplasmic) membrane boundary toward the C terminus (3). Multiple positively charged amino acids are frequently enriched on the end of helices buried in the lipid bilayer and serve as a stop-transfer sequences and membrane anchors (37) . For APP, the C-terminal triplet lysine residue is essential for membrane incorporation and ␥-secretase processing (12, 38) . In contrast, membrane anchoring residues, such as lysine and arginine, at the JMD boundary of the transmembrane domain of substrates is highly variable (3, 39) . On the basis of this requirement, we propose that ␥-secretase must first cleave its substrate near the carboxyl terminal membrane-cytoplasmic interface (the ⑀ site) to release the constraint imposed by the multiresidue anchor sequence, allowing further proteolysis of the remaining membrane stub to proceed, as was first proposed by Ihara and colleagues (10) . This would explain why nearly all ␥-secretase substrates are cleaved at a similar site near the carboxyl terminal inner membrane leaflet (⑀ cleavage), whereas the subsequent site of intramembrane ␥ cleavage varies widely (3) . In this model, ␥-secretase remains stationary in the membrane, whereas the substrate is "pulled" into the active site. Our data from mutations to C99, as well as C99-Notch, suggest that a lysine at position 28 can anchor the N terminus, thus limiting substrate access to the active site and preventing further processing into shorter peptide fragments. Interestingly, lysine anchors have some vertical flexibility, and this may explain why, although A␤ 1-40 is the major fragment, smaller peptides are also generated to a lesser extent (40) . Mutation of K28A would remove this constraint, increase hydrophobicity, and allow further entry of the substrate into the ␥-secretase active site, leading to the production of shorter A␤ fragments. Our results and the current understanding of membrane protein dynamics support this model, but further experiments are needed to rigorously test this hypothesis in more detail (41) .
The influence of mutations in the transmembrane domain of APP on ␥ and ⑀ cleavage is well documented (28, (42) (43) (44) . In an accompanying manuscript, Sagi et al, (49) show that the sequence of the transmembrane domain also alters the ability of GSMs to modulate ␥ cleavage. They identify a five-amino-acid region in the APP transmembrane domain adjacent to Lys-28 that greatly influences GSM activity. This work, combined with (Fig.  4) , were carried out for C99-GVP-APLP2. A, A␤33 and 34 are the major species produced from C99-GVP-APLP2 following IP/MS analysis. B, following mutation of S28K in C99-GVP-APLP2, A␤37 and 40 now predominant, demonstrating a shift toward longer species. C, double mutation (L26S, S28K) of C99-GVP-APLP2 is necessary to completely shift cleavage toward A␤40 as the major detectable species. Mass spectra show the mass-to-charge ratio (m/z) on the x axis. The y axis is signal intensity (A, arbitrary units).
our previous finding that some GSMs bind to APP in the same region, suggest that GSM activity is substrate-dependent. The precise mechanism of GSM activity is still debated, and different mechanisms have been proposed, including allosteric modulation of PS1 (45), binding to Pen-2 (18) , or binding to a portion of the A␤ domain within APP (16, 17) . Our current observation that mutation of Lys-28 can mimic the effect of GSMs (shifting the site of ␥ cleavage) supports but does not prove that these compounds work by binding to APP. We propose that this residue interacts with the negative carboxylic acid moiety that is found in most GSMs and is critical for the ability to lower A␤42 (46) . It has recently been reported that some point mutations in the GSM binding site on APP are still modulated by GSMs, although to varying degrees (47). This is not surprising, on the basis of our current results. The GSM binding site reported previously (16) and the critical APP sequence that influences GSM activity are at least five amino acids in length and require larger mutations to completely attenuate GSMinduced changes in ␥ cleavage (49) . More detailed studies are ongoing to further refine the minimum mutations in the APP sequence necessary to fully attenuate GSM activity.
In summary, an unappreciated fact demonstrated in this study is the profound impact N-terminal JMD residues can have on the ultimate size of A␤ peptides generated from cleavage inside the membrane (12, 14, 20) . Our results are compatible with the sequential proteolytic model of ␥-secretase activity but reveal a new level of complexity. The secreted ␥ site product (A␤40/42) is not solely determined by the initial ⑀-cut (A␤ 48/49) but is also critically regulated by amino acids such as lysine 28 in C99 at the membrane interface. Finally, our results suggest how GSMs, such as some NSAIDs, can bind this region of APP to modulate A␤ species without inhibition of AICD production.
